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Abstract
The yellow stingray, Urobatis jamaicensis (Cuvier 1816), is a coastal species that has limited
known life-history information, especially regarding their age and growth patterns. Age
estimates were assigned by counting band-pairs deposited on the vertebral centrum of stingrays
caught between 2003 and 2019 (n = 195). Marginal increment analysis of different size classes
was used to validate age estimates, with the largest class having verified annual band deposition
(ANOVA, F(9,7), P = 0.029). Age estimates ranged between <1 and 6 years for females, and <1
and 5 years for males. Males had faster growth rates, but females attained larger sizes with the
largest observed DW being 241-mm and 216-mm for females and males, respectively.
Preliminary estimates suggest sexual maturity for males is reached when DW is roughly 154-mm
while females indicated sexual maturity at 148-mm and first maternity at 160-mm DW. Sexspecific observed size-at-age data was fitted to five different growth models. The Akaike’s
information criteria (AICc) indicated that the modified von Bertalanffy growth function fit best
for sexes combined (DW = 194.44-mm and k = 1.15 year-1), the VBGF2par model fit best for
male data (DW = 184.03-mm and k = 2.21 year-1), and the Gompertz model fit best for female
data (DW = 201.24-mm DW and k = 0.83 year-1). The age and growth data collected for U.
jamaicensis populations in southeast Florida will contribute to the limited life history
information of this species and related batoids.

Keywords: Urobatis jamaicensis, von Bertalanffy, growth models, biannually reproductive,
batoid
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Introduction:

Age determination and validation studies have become increasingly important in fisheries
management policies for the conservation of elasmobranch species. Understanding the age and
growth characteristics, maturity status, and longevity of fishes is vital for assessing both current
population trends and predicting population changes over time (Goldman and Cailliet 2004;
Goldman et al. 2012). Many elasmobranchs are considerably vulnerable to overfishing and
habitat degradation due to their slow growth, slow maturation, lengthy lifespans, infrequent
reproduction, and low fecundity (Dulvy et al. 2014; Cailliet 2015; Matta et al. 2017). Batoids are
especially susceptible to fishing activity along the continental shelf and account for roughly 36%
of catches within the southwestern Atlantic, predominantly as bycatch in small-scale industrial
and artisanal fisheries (Ferrette et al. 2019). Additionally, nearly one-third of shark and ray
species are threatened by habitat degradation which can lead to serious population declines for
coastal species, including myliobatiform rays (stingrays, eagle rays, devil rays) (Dulvy et al.
2014). Coastal species are particularly vulnerable to habitat degradation associated with
residential/commercial development, mangrove destruction, river engineering and pollution
impacts (Dulvy et al. 2014).
Errors in stock abundance assessments can occur from inaccurate age estimations caused
by factors such as reader biases or the ageing methodology itself which can result in the
overexploitation of a species (Goldman et al. 2012). Inaccurate age estimations can also occur
due to the assumption that the periodicity of growth band formation in the structural hard parts of
elasmobranchs is always annual (Okamura et al. 2013). Size-specific age data is paramount for
estimating the population status of a species and assessing the risks related with exploitation
(Dale and Holland 2012).
Conservation efforts are often aimed at species with an immediate risk of extinction;
however, it is vital to obtain the life-history information for all species, especially those within
nearshore, tropical or subtropical environments where habitat degradation is high, and
exploitation is more frequent (Dale and Holland 2012; Dulvy et al. 2014). Understanding the
population dynamics of non-exploited species not only contributes to the management of
targeted species but can indicate how natural populations are influenced and provide valuable
information for ecosystem-based management plans (Green et al. 2009). The yellow stingray,
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Urobatis jamaicensis (Cuvier 1816), is a coastal species with limited life-history information,
especially regarding their age and growth patterns (Yáñez-Aranicibia and Amezcua-Linares
1979; Sulikowski 1996; Spieler et al. 2013). Although yellow stingrays are not harvested
commercially, populations can be affected by habitat degradation, inshore fisheries, and potential
exploitation from the aquarium industry (Ward-Paige et al. 2011; Dulvy et al. 2014). The lifehistory data obtained from the age and growth of yellow stingrays can also be used as a vicarious
management proxy to make informed decisions for biologically similar species (e.g., Urobatis
marmoratus, U. tumbesensis, and U. paradalis) that are impacted by those same conservation
concerns (Ward-Paige et al. 2010; Dulvy et al. 2014; Mejía-Falla et al. 2014).

Biology
The yellow stingray occurs within the central western Atlantic and is dispersed
throughout most of the Greater Caribbean basin, with populations distributed along the coast of
southeast Florida, portions of the Gulf of Mexico, northern South America, and other Caribbean
regions surrounding Cuba (Fahy et al. 2007; Ward-Paige et al. 2011; Spieler et al. 2013). The
species is a small-sized ray of the family Urotrygonidae with a reported average total length (TL)
of 335-mm and a disc width (DW) of 160-mm for combined sexes (Spieler et al. 2013). Yellow
stingrays of south Florida are identified by rounded pectoral fins, a well-developed caudal fin,
and a distinctive green or brown color with patterns of yellow, gold, and white spots (Fahy
2004). Yellow stingrays are generalist predators and have been documented feeding on
polychaetes, small crustaceans, and molluscs (Yáñez-Aranicibia and Amezcua-Linares 1979;
Quinn 1996; O’Shea et al. 2018). Like other demersal batoids, yellow stingrays are important
mesopredators within coastal Caribbean habitats and are considered vital in the maintenance and
regulation of coral reef communities through physical habitat alteration such as bioturbation
(Yáñez-Aranicibia and Amezcua-Linares 1979; O’Shea et al. 2012, 2018). A study performed on
Ningaloo Reef, Australia found that rays are a significant contributor in the bioturbation process,
with an average sediment turnover rate of 42% within soft-sediment habitats. Stingrays are
essential for biological and chemical processes of coastal and nearshore environments and thus a
loss of stingrays within these areas could impact lower trophic levels. (O’Shea et al. 2012;
O’Shea et al. 2018). The population status of the yellow stingray is currently considered stable
and is listed as a species of Least Concern by the IUCN Redlist. Previous diver surveys in the
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greater Caribbean have indicated reduced sightings of yellow stingrays, with the largest decline
occurring in the Florida Keys (Ward-Paige et al. 2011; IUCN 2020), however, updated
population studies of yellow stingrays between 2015 and 2018 have indicated a small increase in
the estimated populations over the last three decades with increases throughout Jamaica, Florida,
the Dominican Republic and Columbia (MacNeil et al. 2020).

Reproduction:
The reproductive anatomy of female yellow stingrays has previously been documented in
the Bahamas (LaMarca 1961) and more recently in southeast Florida (Fahy et al. 2007; Fahy
2017). Females have bilaterally functional uteri; however, the left uterus is used more frequently
and is more fecund (Fahy et al. 2007). Yellow stingrays demonstrate a form of matrotrophic
viviparity known as lipid histotrophy, where profuse amounts of protein and lipid-rich nutrients
are provided to intrauterine embryos (Hamlett et al. 2005). In south Florida, yellow stingrays
exhibit a biannual reproductive cycle with ovulation coinciding with parturition and occurring
between January and April and again from July to October. Gestation is estimated to be ca. 5
months long based on patterns of embryonic development, and the range in ovulation and
parturition during consecutive, overlapping reproductive cycles (Fahy et al. 2007; Fahy 2017).
During gestation, early to mid-development typically occurs during March, April and September,
while late to near-term development occurs during June, July, November and December. All
stages of gestation can occur in May and October with January and August being noted as
transitional months with the first cycle starting in January and the second cycle beginning in
August (Spieler et al. 2013). Fecundity is generally lower among smaller size classes throughout
the year, but increases significantly with maternal size during the first cycle (brood size: 1-7),
whereas, fecundity is reduced during the second cycle (brood size: 1-3), regardless of maternal
size (Fahy et al. 2007; Fahy 2017).
Reproductive information is available for male yellow stingrays, with detailed insight
into the reproductive anatomy (LaMarca 1961, 1963; Hamlett et al. 1999; Spieler et al. 2013;
Fahy 2017). Testes and extratesticular ducts are bilaterally functional and elevated levels of male
sperm storage within the seminal vesicles precedes each ovulatory cycle (Fahy 2017). Males also
display a biannual reproductive cycle with peaks in sperm production occurring 1-2 months prior
to each female ovulatory peak (Fahy 2017). The claspers are external copulatory organs that are
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commonly used to identify stage of maturity, with an inflection point typically indicating the
onset of maturity in male elasmobranchs but appear to grow at an even rate during maturation for
yellow stingrays (Spieler et al. 2013).

Maturity:
Maturity indices collectively describe the macroscopic sexual characteristics present at
different stages of maturity for both males and females and have proven useful when determining
the stage of maturity for batoid species (White et al. 2002; Gallagher et al. 2005; Mejía-Falla et
al. 2012; Trinnie, 2013). Maturity indices also allow for a more accurate representation of sexual
development when determining maturity and maternity ogives. Ogives can help differentiate
when maturity in a population occurs and when females are able to contribute recruits to the
population (Trinnie et al. 2012). Ogive values are generally expressed using age or size
measurements and are vital for fisheries management when the main objective is to limit catch
sizes based on the age or size-at-maturity (Walker, 2007). The maturity indices previously
developed for male and female yellow rays were referenced in this study during dissection (Fahy
2017).

Age and Growth
The use of hard-part aging techniques for elasmobranchs is a widely accepted method for
understanding life-history patterns and has become a vital component for determining population
dynamics relative to fishing pressures worldwide (Cailliet 2015). Since elasmobranchs lack bony
skeletons, cartilaginous structures such as vertebrae are commonly used in age determination
studies (Matta et al. 2017). The vertebrae of elasmobranchs are calcified structures that
accumulate growth material as the organism ages and can reflect annual and seasonal growth
(Goldman and Cailliet 2004). These calcified growth deposits are typically identified as opaque
and translucent bands on the vertebral centrum (Fig. 7). In sectioned centra, a change in angle
and the following first ring along the intermedialia-corpus calcareum interface is considered to
be the birthmark (Goldman and Cailliet 2012; Mejia-Falla et al. 2014). Seasonal band deposition
is characterized by thick opaque bands typically associated with faster growth during the summer
(or warmer) months, and narrow translucent bands that represent slower growth during the
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winter (or cooler) months (Goldman and Cailliet 2004). In most species, each opaque and
translucent band pair is considered to represent annual growth (Pierce and Bennett 2009).
Age-estimation studies of fishes and elasmobranchs primarily rely on the validation of
annual growth band formation, or the process of confirming the accuracy of an age estimate
(Cailliet 1990; Okamura and Semba 2009; Okamura et al. 2013, Campana 2014). Methods of age
validation can include radiocarbon analysis, oxytetracycline injections in mark-recapture studies,
and direct observations, however, the two most common and easily accessible methods used are
edge analysis and marginal increment analysis (Matta et al. 2017). Edge analysis incorporates the
identification of the last growth band present (opaque or translucent) and plots it as a function of
the month or season of collection to establish if there is an annual pattern in the band growth
formation (Campana 2014). Whereas MIA uses the ratio of the ultimate and penultimate band
widths and compares average growth per month of capture to determine the pattern of annual
band growth (Matta et al. 2017). According to Campana (2014), MIA is considered a valid
method when four criteria are met: 1) samples are completely randomized to prevent biases from
readers; 2) a minimum of two cycles are observed; 3) results are statistically/objectively
analyzed rather than only visually assessed; and 4) are limited to one age group at a time with
older and younger fish being analyzed separately.
Sulikowski (1996) is the only study to attempt the validation of the age and growth of U.
jamaicensis with marginal increment analysis. The study concluded that opaque bands were laid
during the summer months (80.6% of growth), whereas translucent bands were deposited during
winter months (19.4% of growth). He also concluded an average of 33% of growth occurred
within the first 1 – 2 years. Unfortunately, this study had limited samples (n = 20), consisted
primarily of larger size classes (80%), and most months either had fewer than three samples or
lacked samples entirely.

Growth Models
Age and growth studies generally use multiple growth models to determine the growth
parameters necessary for management such as the von Bertalannfy Growth (VBGF) equation, the
Gompertz model, the logistic model, and the 2-parameter VBGF. The original von Bertalannfy
growth equation is widely used throughout age and growth literature. The original VBGF
assumes that weight changes occur consistently, and that growth rates decline with age. This,
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however, is not always the case as metabolic processes can vary between individuals both
spatially and temporally, leading to incorrect growth estimates (Goldman and Cailliet 2004;
White et al. 2014; Smart et al. 2016).
The Gompertz and logistic models (sigmoid functions) alternatively use two asymptotes
compared to one, producing an inflection point that allows for biological interpretation of when
growth increases, decreases, or ceases (Goldman and Cailliet, 2004; Smart et al. 2016). The
sigmoid functions are thought to best represent batoid species as they tend to grow larger in mass
rather than length, however, these models differ in their prediction of an accurate size at birth
with the logistic model generally producing larger estimates compared with the Gompertz model
(Goldman and Cailliet 2004; Smart et al. 2016).
The 2-parameter VBGF model uses a pre-determined size at birth allowing for the growth
rate and the maximum size to be estimated, which may produce more accurate estimates when
small sample sizes or smaller size classes are underrepresented. Growth estimates from the 2parameter VBGF may also underestimate the maximum size or overestimate the growth rate due
to an inaccurate size at birth estimate if previous data is inaccurate or unavailable for that species
(O’Shea et al. 2013). The use of multiple models provides a better approach to estimates of
different parameters that are typically unavailable, such as the maximum attainable size and
lowers the risk of yielding biologically unrealistic growth estimates (Katsanevakis and
Maravelias 2008; Smart et al. 2016).
Accurate age estimates are one of the most important life history parameters as they form
the foundation for growth rate calculations, productivity, age-specific recruitment, maturity,
reproductive output, and mortality rates (Campana 2001; Cailliet 2015). Stingrays in the family
Urotrygonidae are small, abundant and often found nearshore in coastal areas where they can be
directly impacted by habitat degradation. Urotrygonids, are commercially unimportant, however
they are marginally exploited through the aquarium trade and are also highly vulnerable to
artisanal fisheries where they are typically discarded as bycatch. (Ward-Paige et al. 2011; Dulvy
et al. 2014; Mejía-Falla et al. 2014). The life history information obtained from U. jamaicensis is
necessary for regions where it may already be impacted and can prove useful for similar species
that are data deficient.
The objective of this study was to increase the life history information for coastal batoid
species using the combination of age, growth and maturity estimates obtained from the southeast
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Florida population of U. jamaicensis. We hypothesized that yellow stingrays would exhibit either
an annual or biannual growth cycle that would coincide with the peaks of their biannual
reproductive cycle. Age estimates were determined from band pair counts along the vertebral
centra and validated with marginal increment analysis and edge analysis and compared with the
biannual reproductive cycle.

Materials and Methods:
Field Collection:
Specimens were collected from hard-bottom reef habitats throughout southeast Florida
under IACUC #2019.08.DK4 and a Special Activities License (SAL-17-1947-SR) issued by the
Florida Fish and Wildlife Conservation Commission (FWC). On a monthly basis, yellow
stingrays were captured in permitted nearshore habitats using hand nets between Broward
County, Florida and Monroe County, Florida. All specimens were transported live back to the
Nova Southeastern University Oceanographic Center (NSUOC), where they were euthanized,
measured, weighed, and processed for dissection.

Processing:
Prior to dissection, all specimens were euthanized in a 0.3 g/L SW bath of MS-222
(Finquel, Redmond, Washington) and weighed to the nearest tenth of a gram for total mass (TM).
All morphometric measurements were measured to the nearest millimeter with disc width (DW)
measured at the widest point of the pectoral fins, disc length (DL) measured from the tip of snout
to posterior edge of disc, and total length (TL) measured from the tip of snout to the posterior
edge of caudal fin (Fig. 1) (Ainsley 2009; Başusta and Aslan 2018). The DW was used rather
than TL for all statistical analyses as the TL is believed to provide inconsistent measurements if
tails are damaged or missing. Following the ‘FSA’ package in R Statistical software (Ogle 2013,
2016), the size-weight (DW-TM) relationship for U. jamaicensis was performed using DW rather
than TL to keep homogeneity between statistical tests. An ANOVA was used to determine if
there were differences between males and females for all morphometric measurements. Vertebral
columns extending from the chondocranium to the pelvic girdle were excised, tissues removed,
and stored frozen for further cleaning and processing (Sulikowski et al. 2005; Parsons et al.
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2018). The relationship between the vertebral radius (VR) and DW was tested using linear
regression with differences between sexes tested by ANOVA.
Maturity:
For male specimens, the level of clasper calcification was noted with flexible claspers
indicating immaturity and rigid claspers indicating maturity. Clasper length (CL) from the
inferior margin of the cloacal slit to the tip of both claspers was measured to the nearest tenth of
a millimeter. The average length between the left and right clasper was used for all analyses. A
non-linear regression model for the combined means of the right and left clasper length versus
DW was run to visualize the relationship (Licandeo et al. 2006; Dancho 2013). Following Fahy
(2017), reproductive stages were noted with specimens considered mature when claspers were
fully calcified, seminal vesicles were fully developed and S-shaped, and testes were enlarged
with prominent lobes.
For female maturity, the stages of sexual development and uterine development were
recorded following Fahy (2017) with mature females displaying fully developed ovaries with
vitellogenic follicles greater than 4-mm, enlarged and bell-shaped oviducal glands, and an
expanded tubular uterus greater than 10-mm in width. Maternity status was noted when embryos
were present, or when recent pregnancy was clearly evident.
Maturity ogives, or the median DW at first maturity (DW50), for both males and females
and median DW at first maternity (DW50M) for females, were calculated using R software (v.
1.1.463, RStudio, 2018) following a binomial logistic regression. Ogives were determined
through maximum likelihood with the following equation (Coelho and Erzini 2005; Cotton et al.
2011):
𝑃𝐴𝑖 =

1
1+

𝑒 −b(𝐴𝑖 −𝐴50)

where PAi is the proportion of mature individuals at the ith size class, b is a model parameter, Ai
is the size class, and A50 is the median size at which 50% of individuals are mature (Coehlo and
Erzini 2005; Mejía-Falla et al. 2014). Age-at-first maturity and age-at-first maternity was
determined following the same binomial regression, replacing size with age for A50.

Ageing:
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All vertebral samples were cleaned with a six-step process, following the methods of
Sulikowski et al. (2007) and Parsons et al. (2018). Vertebrae were first thawed at room
temperature for a minimum of one hour, and then boiled in water for an additional hour to loosen
and remove additional connective tissues with a scalpel (Parsons et al. 2018). Vertebral columns
were then placed in a commercial household 7.4% hypochlorite solution (5 - 10 min. depending
on size) to further dissolve any remaining tissues and subsequently rinsed in a bath of distilled
water (10 - 15 min.). Following the cleaning process, three centra were selected and individually
separated from the thoracic region of the vertebral column. Centra can vary in size along the
vertebral column which can influence the number of growth band pairs present. For this study,
the centra were chosen from the thoracic region of each specimen where centra are largest along
the vertebral column to maintain homogeneity between samples (Natanson et al. 2018; TorresPalacios et al. 2019). The selected centra and all remaining portions of the vertebral column
were stored in a 70% ethanol solution for up to one week until the centra were embedded for
sectioning (Fernandez-Carvalho et al. 2011; Geraghty et al. 2014).
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Fig. 1 Yellow stingray morphological measurements (mm): (a) total length (TL); (b) disc
width (DW); (c) disc length (DL) and (d) clasper length (CL)
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A single centrum from the thoracic region of each specimen was embedded into a 5:1.1
mixture of epoxy (Araldite-Bisphenol A:Aradur 956-2), and then placed into a 21-cavity flat
embedding mold (EMS 70900 – Structure Probe #2443M-AB) and left to dry overnight. Once
the epoxy dried, all centra were affixed to an index card and individually labeled with slide and
sample number. Centrum samples were sectioned along the sagittal plane using an Isomet-type
low-speed diamond wheel saw (South Bay Technology Inc., San Clemente, CA, USA; model
650) to a range of thickness between 0.3 - 0.5-mm, depending on the size of centra. The ‘bowtie’ shaped sections were affixed to a glass slide using an adhesive (Cytoseal 60, Richard Allen
Scientific, Kalamazoo, MI, USA) and viewed with a stereomicroscope (Olympus SZX2-ILLT,
Olympus Corporation, Tokyo, Japan) (Fig. 2). Digital images were captured with an AmScope
MU100 10MP digital microscope camera and AmScope computer software (AmScope v.x64,
3.7.10246, 2003-2017, AmScope, Irvine, CA, USA) (Campana 2014; Hayne et al. 2018).
All images were digitally enhanced with Adobe Photoshop (Adobe Photoshop v.21.1.2,
2004) to adjust the contrast, light, and sharpness for superior visualization of growth bands
(McAuley et al. 2006). Three individual readers performed blind counts of all centrum images
with no knowledge of size or gender of the sample. The criteria for band pair estimations were
discussed by all readers prior to visual counts to limit inconsistencies (Cowley 1997; CruzMartínez et al. 2005, Licandeo et al. 2007). Images were sent to all readers and marked
individually in Photoshop with band estimates before being merged for consensus. The images of
all vertebral centra were aged twice by each reader to obtain a total of six counts for each
sample. Age estimates were only accepted if four of the six counts were in agreement; all
remaining samples were rejected (McAuley et al. 2006). The accuracy and precision of age
estimates were determined using percent agreement: (PA = [No. agreed/No. read] X 100) in
conjunction with average percent error (APE) and average coefficient of variation (ACV) for
both between and within readers for all age classes combined and with incremental size classes
of 45-mm DW (Campana 1995; Goldman and Cailliet 2004; Davis 2007). Although there is no
exact value, previous literature suggests that an APE value of less than 5.5% and an ACV value
less than 7.6% represent a level of higher precision (Campana 2001). The APE is defined as:
𝑅

|𝑥𝑖𝑗 − 𝑋𝑗
1
𝐴𝑃𝐸𝑗 = 100% ∗ ∑
𝑅
𝑋𝑗
𝑖=1
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Where Xij is the ith age determination of the jth fish, Xj is the mean age estimate of the jth fish,
and R is the number of times each fish is aged (Campana 2001). The ACV is defined as:
2
√∑𝑅 (𝑋𝑖𝑗 − 𝑋𝑗 )
𝑖=1
𝑅−1
𝐶𝑉𝑗 = 100% ∗
𝑋𝑗

Where CVj is the age precision estimate for the jth fish (Campana 2001). Systematic reader
biases and aging symmetry of band pair counts were assessed using McNemar test, EvansHoenig test, Bowker test and an age bias plot (McNemar 1947; Bowker 1948; Evans and Hoenig
1998; Goldman and Cailliet 2004; Hale et al. 2006; Natanson et al. 2014). Evans and Hoenig
(1998) describe the equations for the three tests used for aging symmetry. All analyses were
performed using R software (v. 1.1.463, RStudio, 2018).
Growth bands were validated using marginal increment analysis (MIA), a technique used
to determine seasonal band deposition by comparing the ratio of the marginal width of the
outermost band and penultimate band to the month of capture (Lessa et al. 2006; Okamura and
Semba 2009). For each vertebral centra the vertebral radius (VR), radius of the ultimate band (Rn)
deposited, and radius of the penultimate band (Rn-1) deposited were all measured digitally using
ImageJ software (v.1.53, Abràmoff et al. 2004; Schneider et al. 2012) and applied to the
following equation (Fig. 2) (Cotton et al. 2011; Fernandez-Carvalho et al. 2011):
𝑉𝑅− 𝑅𝑛

MIA = 𝑅

𝑛− 𝑅𝑛−1

The values resulting from the above equation are then plotted against the month of capture to
estimate the rate of band formation (Cailliet et al. 2006; Lessa et al. 2006). Trends in band
formation were found by plotting the mean MIA against the month of capture (Goldman and
Cailliet 2004). An ANOVA was used to determine if there were statistical differences between
months. If assumptions of the ANOVA were met, a Tukey-Pairwise comparison was used to
compare statistical difference between months, while a non-parametric Kruskal-Wallis test was
used when homogeneity assumptions were not met to establish if any significant differences
between months were present.
Edge analysis was also utilized to aid in the validation of band deposition. Edge analysis
compares the opacity and translucency of the centrum edge over time (Goldman and Cailliet
2004). Each centra was examined by two readers simultaneously with no prior knowledge of
sample size, sex or age. Each reader recorded whether each band was an opaque or translucent
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band and were later compared between readers. If the samples did not agree, they were discarded
from analyses.
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Fig. 2 Measurements taken using ImageJ Software from a female specimen collected March
2006 within Broward County with an age estimation of 3 years
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Growth Models:
Various growth models were fit to disc width-at-age data following Cailliet et al. (2006)
and Cotton et al. (2011). The VBGF generates a growth curve that represents the predicted
pattern of growth based on the following equation (von Bertalanffy 1938; Cailliet et al. 2006;
Cotton et al. 2011; Dancho 2013):
DWt = DW – (DW – DW0)e-kt
where DWt is the predicted disc width at age t, DW is the theoretical maximum mean DW
(t=), DW0 is the estimated width at birth (t = 0), and k (year-1) is the growth coefficient or the
average rate at which the organism in a population will achieve the maximum DW (Sulikowski
1996; Goldman and Cailliet 2004; Cotton et al. 2011; Dale and Holland 2012; Dancho 2013).
Two variations of the VBGF were also compared to determine which model best
represents the size-at-age data. The first variation of the VBGF model is a ‘modified’ form
(VBGFmod; Cailliet et al. 2006; Cotton et al. 2011; Dale and Holland 2012 Dancho 2013):
DWt = DW (1 - e-k(t-t0))
where t0 is the theoretical age when disc width is equal to zero. The second variation of the
VBGF model is a two-parameter form (VBGF2par) with a fixed disc width-at-birth (DWe) using
the mean DW of term embryos, allowing for more variance at age-0 (Cailliet et al. 2006; Cotton
et al. 2011; Dale and Holland 2012; Dancho 2013):
DWt = DW - (DW - DWe)e-kt
Disc width-at-birth was set at 83.0 mm for the VBGF2par. A form of the Gompertz model (Mollet
et al. 2002; Cailliet et al. 2006; Cotton et al. 2011; Dale and Holland 2012; Dancho 2013):
DWt = DW0 e[G(1 - e-kt)]
where G = ln(DW/DW0) and a logistic function where a is the inflection point of the curve:
DWt = DW / (1+e-k(t-a))
All growth models were fitted using nonlinear least-squares (LS) and maximum
likelihood estimation (ML) with R statistical software using the lme4, car, and vbmodel
libraries in R (v. 1.1.463, RStudio, 2018; Cotton et al. 2011; O’Shea et al. 2012; Dancho 2013).
The AICc is a form of the Akaike’s information criterion that corrects for potential biases that
can occur from small sample sizes by simplifying each growth model based on the number of
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parameters and the peak between minimum and maximum accuracy (Katsanevakis and
Maravelias 2008; Harry et al. 2010; Mejía-Falla et al. 2014; White et al. 2014). Akaike
information criterion (AIC) analysis was used to determine which growth model would yield the
best fit for the DW-at-age data for least-squares regressions, while ML-estimation used a form of
AIC (AICc) with adjustment for small-sample biases (Cotton et al. 2011; Dancho 2013; Charvet
et al. 2018; Gianeti et al. 2019).
AICc = -2ln(ℒ()) + 2k + (2k(k + 1)) / (n – k – 1)
where ℒ() is the likelihood estimate, k is the number of model parameters and n is the sample
size. Nonlinear LS-methods were fitted to another variant of AIC, or AICc, with an adjustment
for small-sample biases (Cotton et al. 2011, Dancho 2013):
AICc = n(1 + ln(2 X RSS/n)) + 2k + (2k(k + 1)) / (n – k – 1)
where RSS is the residual sum of squares of the model which indicates how well the model fits
the data.

Results:
Size composition and sex ratio:
Female sizes ranged from 87 - 241-mm DW (X  SD = 191.53  22.95 mm, n = 121),
̅  SD = 356.78  48.97 mm, n = 121), and 37 – 800 g TM (X
̅  SD =
153 – 448-mm TL (X
̅  SD = 179.53 
472.94  159.06 g, n = 121). Male sizes ranged from 85 - 216-mm DW (X
̅  SD = 335.55  46.26 mm, n = 74), and 37 – 612 g TM
46.26 mm, n = 74), 151 – 398-mm TL (X
̅  SD = 382.23  105.03 g, n = 74). Females occurred more frequently with an overall sample
(X
size of n = 121 (62%), whereas males were less frequently observed with a sample size of n = 74
(38%). Samples caught between 2003 and 2009 were targeted towards females leading to a
statistical bias in sex ratio with an overall ratio of 0.571:1 (M:F) (Chi-squared test, 2 = 12.27, P
< 0.001) (Table 2). Samples caught during 2019 were not aimed towards collection of one
specific gender and did not statistically deviate from the 1:1 (M:F) ratio, however, an overall sex
ratio of 0.875:1 (M:F) was determined with females still observed more frequently than males
(Chi-squared test 2 = 0.133, P = 0.715). The most frequent size class observed was between
180-mm and 200-mm DW for both males (n = 24) and females (n = 51).
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Morphometric Analyses:
Size-weight (DW-TM) frequencies were calculated using DW rather than TL as many
samples were lacking complete tails. The DW-TM relationship for U. jamaicensis was
determined to be significantly non-linear (P < 0.001) with no significant differences between
males and females (ANOVA, F(1,190) = 0.046, P = 0.830) (Fig. 4). Males and females had
similar sizes for vertebral radius with a mean VR of 0.018 m (X  SD = 0.018  0.003 m, n =
195). There was a significant non-linear relationship found between VR and DW (P < 0.001) with
no significant differences found between males and females (ANOVA, F(3,186) = 0.43, P =
0.732) (Fig. 5). Clasper lengths for males ranged between 0.85 – 5.15-mm with a mean CL of
4.36-mm (X  SD = 4.36  0.85 mm, n = 74). The CL had a significant four-parameter logistic
relationship to DW as indicated through a non-linear regression where the inflection point
occurred at 155-mm DW (SE = 0.255, df = 70, P < 0.001) (Fig. 6).
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Table 1 Monthly collection of yellow stingrays from coastal waters of southeast Florida
per year (n = 195)

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
2003
0
1
2
4
0
1
1
0
0
0
0
0
9
2004
6
7
5
6
4
4
1
2
0
2
3
7
47
2005
0
1
0
3
2
2
12
14
1
0
1
8
44
2006
8
7
9
2
6
6
3
2
3
7
1
0
54
2007
2
0
0
0
0
0
0
0
0
0
5
1
8
2008
0
0
0
0
0
0
0
0
0
0
1
0
1
2009
0
0
1
0
0
0
0
0
0
0
0
0
1
2018
0
0
0
0
0
0
0
0
1
0
0
0
1
2019
0
0
2
0
2
5
7
2
7
3
1
1
30
M/F 8/8 5/11 8/11 2/13 7/7 7/11 9/15 7/13 4/8 8/4 5/7 4/13 74/121
Total 16
16
19
15
14
18
24
20
12
12
12
17
195

18

60

Frequency

50

40
30
20
10
0
80

100

120

140

160

180

200

220

240

260

Disc Width (mm)
Male

Female

Fig. 3 Disc width frequency distribution of male (n = 74) and female (n = 121) yellow stingrays
caught between 2003 and 2019 in the western North Atlantic Ocean from sandy hard-bottom
reefs in southeast Florida
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Table 2 Sex ratio by size class for yellow stingrays caught in southeast Florida during (a) 2019 (n = 30) and (b) 2003-2009 (n = 165)
(a)

Size: DW (mm)
Males
Females
M:F Sex Ratio

80-110

111-140

141-170

171-200

201-230

231-260

Total

2
1
1:0.5

0
2
0.5:1

3
4
0.75:1

9
6
1.5:1

0
3
0:3

0
0
1:1

14
16
0.875:1

(b)

Size: DW (mm)
Males
Females
M:F Sex Ratio

80-110

111-140

141-170

171-200

201-230

231-260

Total

0
0
1:1

0
0
1:1

4
10
0.4:1

54
54
1:1

2
38
0.05:1

0
3
0:3

60
105
0.571:1
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Fig. 4 Relationship between total mass (TM) and disc width (DW) for male (n = 74) and female
(n = 121) yellow stingrays with the lines of best fit for males (dashed) and females (solid)
indicated
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Fig. 5 Relationship between VR (m) and DW (mm) by sex for yellow stingrays (n = 195)
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Fig. 6 Relationship between CL (mm) and DW (mm) for male yellow stingrays with maturity
indicated by black vertical line (n = 74)
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Maturity:
Male specimens (n = 74) were divided into immature (85 – 157-mm DW, n = 5) and
mature (150 – 216-mm DW, n = 69) stages. Maturity ogives, or the median size at first maturity
(DW50), was determined for observed males (n = 74) at 154-mm (Fig. 7). Age-at-first maturity
was assessed using both binomial regression and frequency of age. Age-at-first maturity (A50) for
males was determined to be 0.69 years (97.5% CI = 0.107 – 0.684) (Fig 9a). When looking at the
frequency of ages, males were immature when aged less than 1 year, while at least 50% of males
were mature by age 1 and all males were sexually mature by age 2 (Fig. 10a).
A total of 121 female rays were collected and divided into immature (n = 8) and mature
(n = 113) stages with immature females ranging between 87-mm and 171-mm DW, while mature
females ranged between 124-mm and 241-mm DW. The median size-at-first maturity (DW50)
was 148-mm, and first maternity (DW50M) was 160-mm DW (Fig. 8). Age-at-first maturity (A50)
for females was 0.68 years (97.5% CI = 0.725 – 2.432) and age-at-first maternity (AM50) was
0.89 years (97.5 CI = 0.239 – 1.150) (Fig. 9b). When looking at frequency of age, only 2.5% of
females aged less than 1 year were mature, whereas at least 50% of females were mature by age
3, and all females were sexually mature by age 4 (Fig. 10b).

Age Determination:
134 vertebral samples were processed for age determination analysis, with 61 (31.3%) of
the original 195 discarded due to lack of age consensus from double banding patterns (Fig. 11b)
or damage of the intermedialia (Fig. 11c). Most of the archived samples had varying levels of
damage due to lengthy storage times. However, when bands were distinct on both sides of the
corpus calcareum, the centra were considered acceptable for use in age analyses (Fig.11a). Age
estimates ranged from 0 - 5 years and 0 - 6 years for males and females, respectively. All three
tests of symmetry (McNemar, Evans-Hoenig, and Bowker) indicated there were no systematic
biases between readers for the entire sample (P > 0.05). All readers had an ACV value < 6.4%
and an APE < 4.5%, which indicates a relatively high level of precision (Campana 2001). When
samples were separated into 45-mm DW classes (85-130-mm, 131-175-mm, 176-220-mm, and
221-265-mm DW), all three tests of symmetry further indicated no systematic biases (P > 0.05).
Table 4 shows the mean values calculated for PA, ACV, and APE for each reader within each
size class for both counts. Across the size classes, Reader 1 had an average PA of 87.6%, an
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average ACV of 5.9% and an average APE of 4.1%. Reader 2 had an average PA, ACV and APE
of 94.5%, 2.2% and 1.5%, respectively, while Reader 3 averaged at 75.8% PA, 8.1% ACV and
5.8% APE. Reader 1 tended to underestimate ages when compared with Reader 2 but would
overestimate when compared with Reader 3. Reader 2 overestimated when compared with
Reader 3, however, Reader 3 tended to underestimate ages overall (Fig. 12).
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Fig. 7 Maturity ogives for male (n = 74) yellow stingrays with sexual maturity denoted by the
black curve.

26

Fig. 8 Maturity and maternity ogives for female (n = 121) yellow stingrays with sexual maturity
denoted by the black curve and maternity denoted by the gray curve
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(a)

(b)

Fig. 9 Age-at-maturity and age-at-maternity for (a) male and (b) female yellow stingrays with
maturity denoted by the black line and maternity denoted by the gray line
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(a)

(b)

Fig. 10 Frequency of mature (a) male and (b) female yellow stingrays separated by age class
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Table 3 Comparison of age-at-first maturity for similar batoid species

Species

Urobatis jamaicensis

Urotrygon aspidura

Urotrygon rogersi

Urotrygon chilensis

Urobatis halleri

Urolophus lobatus

Author, year

Current Study

Torres-Palacios et al. 2019

Mejía-Falla et al. 2014

Guzman-Castellanos 2015

Hale and Lowe, 2008

White et al. 2001

n

195

309

503

701

180

1,747

Max age

Age-at-50%

Size-at-first Maturity

(yr.)

Maturity

(mm)

M

5

0.65

153 (DW)

F

6

0.68

157 (DW)

M

5.5

2.2

NA

F

7.5

2.3

138-150 (DW)

M

6

0.9

118 (DW)

F

8

1

118-123 (DW)

M

14

4.3

246 (TL)

F

14

4.3

258 (TL)

M

14

3.75

150 (DW)

F

14

3.8

150 (DW)

M

15

6

160 (DW)

F

13

4

200 (DW)

Sex

Method of Verification

Marginal Increment

Marginal Increment

Marginal Increment

Marginal Increment

Edge analysis; OTC

Marginal Increment
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Fig. 11 Image of vertebral centra (a) displaying readable bands on both sides of corpus
calcareum that also displays (b) double banding patterns or (c) damage to intermedialia
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Table 4 Mean precision estimates of ACV, APE, and PA ( 1 and 2 years) for all three readers
across size classes for yellow stingrays (n = 134)

ACV
APE
PA
±1
±2

ACV
APE
PA
±1
±2

ACV
APE
PA
±1
±2

ACV
APE
PA
±1
±2

ACV
APE
PA
±1
±2

ALL DW CLASSES
Reader 1
Reader 2
3.21
3.435
2.27
2.425
88.06
88.43
95.15
96.265
96.27
97.39
85-130 MM DW
Reader 1
Reader 2
14.14
0
10
0
90
100
100
131-175 MM DW
Reader 1
Reader 2
4.235
5.284
2.99
3.74
84.09
90.905
95.455
97.725
100
176-220 MM DW
Reader 1
Reader 2
2.485
3.335
1.76
2.36
88.835
86.895
96.12
95.63
97.09
96.605
221-265 MM DW
Reader 1
Reader 2
2.525
0
1.785
0
87.5
100
100
-

Reader 3
6.355
4.495
77.985
92.165
92.54
Reader 3
14.14
10
90
100
Reader 3
2.735
1.93
86.365
93.1825
Reader 3
6.645
4.705
76.695
91.26
91.26
Reader 3
8.98
6.35
50
100
-
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a

b

c

Fig. 12 Age bias plots comparing age estimates between readers (n = 134): (a) Reader 1 vs Reader 2; (b) Reader 1 versus Reader 3;
and (c) Reader 2 versus Reader 3

33

The MIA measurements showed no distinct trends in growth over the course of the year
(X ± SE = 0.725 ± 0.353 mm, n = 190; Kruskal-Wallis, P = 0.173) (Fig. 13). Mean MIAs were
calculated from 190 U. jamaicensis samples collected between 2003 and 2019, with young of the
year (YOY) (n = 5) excluded from analyses. Although there were no significant differences
between months for sexes combined, the largest mean MIA occurred during February (0.856 ±
0.328, n = 16) and the lowest was recorded during December (0.616 ± 0.272, n = 17). Samples
separated by age classes (1 - 2 bands, 3 - 4 bands and 5+ bands) for MIA yielded no distinct
trends in growth (ANOVA, F(10,23) = 0.62; P = 0.78; ANOVA, F(11,66) = 1.20, P = 0.3;
ANOVA, F(8,7) = 1.01, P = 0.50) (Fig. 14). Samples separated by size classes (120 -165-mm,
166 - 210-mm and 211 - 255-mm DW), showed no significant differences between months for
both of the smallest size classes (120 -165-mm DW and 166 - 210-mm DW) (ANOVA, F (6,6) =
2.41, P = 0.1541; ANOVA, F (11,146) = 0.99, P = 0.4587) (Fig. 15). However, comparisons of
the largest size class (211- 255-mm DW) found statistical differences between months with a
Tukey pair-wise comparison (ANOVA, F (9,7) = 4.58, P = 0.029). Peaks occurred during
January (1.730 ± 0, n = 1) while the lowest sample means occurred during June (0.313 ± 0, n =
1) and August (0.547 ± 0165, n = 2).
Of the 195 samples, only 121 had agreement of edge type and were suitable for edge
analysis. There were monthly variations found for edge type (opaque vs. translucent bands)
along the vertebral centra for yellow stingrays. Opaque bands were recorded for the edge type
during all months with April having the highest count, whereas translucent bands were present
during all months, except April (Fig. 16). Translucent bands occurred most frequently during
March, May, and June, while opaque bands were more prevalent through the rest of the year.

Growth Models
DW-at-age data were fit to growth models for samples with agreed upon ages for both
sexes combined (n = 134) and separated (M, n = 47 and F, n = 87). Individual sizes at age-0 were
used in all models, except for the 2-parameter VBGF, which used the estimated mean size for
age-0 (83-mm DW). Growth models for sexes combined showed different values for ML and
LS-fitted models. VBGF produced an asymptotic DW of 190.08-mm and unrealistic growth
coefficient (k, year-1) of 77.84 for the ML-fitted model while the LS-fitted model produced a
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Fig. 13 MIA of sexes combined for all DW classes with YOY excluded of yellow stingrays (n =
190)

35

b

a

c

Fig. 14 MIA between months separated by number of band pairs: (a) 1 – 2 bands (n = 34), (b) 3 – 4 bands (n = 78) and (c) 5+ bands (n
= 16). Class (a) was missing data for March, while class (c) was missing data for January, September, and October. All classes showed
no significant differences between months
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Fig. 15 MIA between months for DW size classes: (a) 120-165-mm DW (n = 13); (b) 166-220-mm DW (n = 158) and (c) 221-265mm DW (n = 17). Class (a) was missing samples for January through March, October, and December, while class (c) was missing
samples for February and September. Class (c) was the only class to show significant differences between months, indicating as
annual growth pattern after reaching a certain DW
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Fig. 16 Monthly variation in formation of outer edge band type for yellow stingrays (n = 121)
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DW of 194.44-mm with a more realistic k value of 1.15 year-1. The VBGFmod
produced the exact same values of asymptotic DW, 194.44-mm and growth coefficient of 1.15
year-1 (k) for the LS-fitted model but different values between the two parameters for the MLfitted model (Table 5; Fig. 17). The DW0 of 121.72-mm estimated for the LS-fitted model of the
VBGF was slightly larger than that of the VBGF ML-fitted model with 120.99-mm. The
Gompertz model for sexes combined showed a large difference between the ML and LS-fitted
models with the LS-fitted model producing more realistic values for DW. LS-fitted models
produced the same values as ML for the logistic model with 193.55-mm for DW and k values of
1.51 year-1 (Table 5; Fig. 17). The AICc values for sexes combined yielded comparable results
for all ML-fitted models with the VBGFmod having the smallest AICc value and thus better fitting
the data. LS-fitted models showed a similar pattern between growth models, but with both the
VBGF and VBGFmod having an AICc value of 0.00, indicating both growth models fit the data
well for LS-fitted models. Using biologic rationale in conjunction with the AICc, the VBGFmod
would have the best fit for the data of sexes combined.
Male growth models were similar between all ML and LS-fitted models except for the
Gompertz model, which produced the smallest DW values of 176.29-mm for the ML-fitted
models and 183.91-mm DW for LS-fitted models. Interestingly, both models produced identical
k values of 2.55 year-1 (Table 6; Fig. 18). The DW0 values were comparable between VBGF and
Gompertz models for both ML and LS-fitted models with similar values of 86.57 and 86.58-mm
DW. The VBGF and VBGFmod produced the largest DW of 184.05-mm with k values of 2.16
year-1. The VBGF2par model produced a DW of 184.03-mm, and a k value of 2.21 year-1, while
the logistic model produced a lower DW value of 183.83-mm and the largest k value of 2.97
year-1. The AICc for both ML and LS-fitted models was lowest for the VBGF2par for males
indicating the best fit.
Female growth models yielded similar results between the ML and LS-fitted models,
with identical values occurring for VBGFmod (DW = 201.53-mm, k = 0.83 year-1), VBGF2par
(DW = 199.59-mm, k = 1.19 year-1), and for the logistic model (DW = 200.42-mm, k = 1.06
year-1) (Table 7; Fig. 19). The VBGF2par produced the highest values for DW and the lowest
values for k amongst all models. The VBGF model produced similar values for DW and DW0
for the ML and LS-fitted models (ML: DW = 201.64-mm, DW0 = 138.00-mm; LS: DW =
39

201.53-mm, DW0 = 137.84-mm). The k value for theVBGF model was identical between ML
and LS-fitted models (k = 0.83 year-1). The Gompertz models for females produced the lowest
AICc value and similar values between ML and LS-fitted models (ML: DW of 201.24-mm, L0 =
137.77-mm, k = 0.83 year-1; LS: DW = 200.93-mm, L0 = 137.96-mm, k = 0.94 year—1).

40

Table 5 Estimates of model parameters (±SE), standard deviation (𝛔, for ML-fitted models), residual sum of squares (RSS, for LSfitted models), model likelihood values -ln(L), for ML-fitted models, and model selection statistics (AICc and 𝚫AICc) for DW-at-age
data of sexes combined for yellow stingrays. Empirical mean DW-at-birth (83.0-mm DW) was used in the VBGF2par model
Model

DW∞ (mm)

k (year -1)

DW0 (mm)

-t0 (mm DW)

𝛔

RSS

-ln(L)

AICc

𝚫AICc

Maximum Likelihood
VBGF

194.44 ± 2.48

77.84 ± 0.26

120.99 ± 7.20

NA

18.50 ± 1.07

-

1.0000

1170.650

14.4891

VBGFmod

190.08 ± 2.49

1.15 ± 0.26

NA

-0.85 ± 0.23

17.53 ± 1.07

-

0.9999

1156.1610

0.0000

Gompertz

132.13 ± 7.70

1.32 ± 0.29

121.84 ± 7.21

NA

17.55 ± 1.07

-

0.8747

1156.4290

0.2677

VBGF2par

190.08 ± 1.78

25.33 ± 0.59

NA

NA

20.18 ± 1.23

-

0.7829

1191.6960

35.5352

Logistic

193.55 ± 2.13

1.51 ± 0.32

NA

-0.35 ± 0.15

17.57 ± 1.07

-

0.7676

1156.6900

0.5290

VBGF

194.44 ± 2.38

1.15 ± 0.24

121.72 ± 7.17

NA

-

41192.61

-

1156.1610

0.0000

VBGFmod

194.44 ± 2.38

1.15 ± 0.24

NA

-0.85 ± 0.21

-

41192.61

-

1156.1610

0.0000

Gompertz

193.95 ± 2.20

1.32 ± 0.26

121.82 ± 7.16

NA

-

41274.99

-

1156.4290

0.2677

VBGF2par

193.20 ± 2.11

1.62 ± 0.27

NA

NA

-

50089.35

-

1180.2390

25.084

Logistic

193.55 ± 2.06

1.51 ± 0.29

NA

-0.35 ± 0.15

-

41355.53

-

1156.6900

0.5290

Least-squares
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Fig. 17 Yellow stingray growth models for size-at-age data (DW) for sexes combined
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Table 6 Male yellow stingray estimates of model parameters (±SE), standard deviation (𝛔, for ML-fitted models), residual sum of
squares (RSS, for LS-fitted models), model likelihood values -ln(L), for ML-fitted models, and model selection statistics (AICc and
𝚫AICc) for DW-at-age data. Empirical mean DW-at-birth (83.0-mm DW) was used in the VBGF2par model
Model

DW∞ (mm)

k (year -1)

DW0 (mm)

-t0 (mm DW)

𝛔

RSS

-ln(L)

AICc

𝚫AICc

Maximum Likelihood
VBGF

184.05 ± 1.60

2.16 ± 0.89

86.57 ± 6.55

NA

9.26 ± 0.95

-

1.0000

351.5339

2.0973

VBGFmod

184.05 ± 1.60

2.16 ± 0.89

NA

-0.29 ± 0.13

9.26 ± 0.95

-

0.9999

351.5339

2.0973

Gompertz

176.29 ± 13.40

2.55 ± 0.99

86.58 ± 6.56

NA

9.27 ± 0.96

-

0.9582

351.6193

2.1823

VBGF2par

184.03 ± 1.59

2.21 ± 0.90

NA

NA

9.29 ± 0.96

-

0.0117

349.4366

0.0000

Logistic

183.83 ± 1.46

2.97 ± 1.08

NA

0.04 ± 0.05

9.27 ± 0.96

-

0.9291

351.6809

2.2443

VBGF

184.05 ± 1.60

2.16 ± 0.79

86.58 ± 6.77

NA

-

4028.863

-

351.5339

2.0973

VBGFmod

184.05 ± 1.60

2.16 ± 0.79

NA

-0.29 ± 0.11

-

4028.863

-

351.5339

2.0973

Gompertz

183.91 ± 1.53

2.55 ± 0.91

86.57 ± 6.77

NA

-

4036.155

-

351.6189

2.1823

VBGF2par

184.03 ± 1.58

2.21 ± 0.79

NA

NA

-

4054.395

-

349.4366

0.0000

Logistic

183.83 ± 1.49

2.97 ± 1.01

NA

0.04 ± 0.05

-

4041.481

-

351.6809

2.2443

Least-squares
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Fig. 18 Growth models for size-at-age data (DW) for male yellow stingrays
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Table 7 Female yellow stingray estimates of model parameters (±SE), standard deviation (𝛔, for ML-fitted models), residual sum of
squares (RSS, for LS-fitted models), model likelihood values -ln(L), for ML-fitted models, and model selection statistics (AICc and
𝚫AICc) for DW-at-age data. Empirical mean DW-at-birth (83.0-mm DW) was used in the VBGF2par model
Model

DW∞ (mm)

k (year -1)

DW0 (mm)

-t0 (mm DW)

𝛔

RSS

-ln(L)

AICc

𝚫AICc

Maximum Likelihood
VBGF

201.64 ± 4.13

0.83 ± 0.24

138.00 ± 8.90

NA

18.25 ± 1.38

-

0.9987

760.6792

0.0026

VBGFmod

201.53 ± 4.08

0.83 ± 0.24

NA

-1.38 ± 0.48

18.25 ± 1.38

-

0.9983

760.6792

0.0035

Gompertz

201.24 ± 12.49

0.95 ± 0.27

137.77 ± 8.85

NA

18.24 ± 1.38

-

1.0000

760.6767

0.0000

VBGF2par

199.59 ± 3.07

1.19 ± 0.23

NA

NA

19.23 ± 1.46

-

0.0316

767.5837

6.9071

Logistic

200.42 ± 3.48

1.06 ± 0.29

NA

-0.75 ± 0.34

18.25 ± 1.38

-

0.9951

760.6865

0.0099

VBGF

201.53 ± 4.10

0.83 ± 0.24

137.84 ± 9.00

NA

-

43243.95

-

760.9792

0.0031

VBGFmod

201.53 ± 4.10

0.83 ± 0.24

NA

-1.38 ± 0.48

-

43243.95

-

760.9792

0.0031

Gompertz

200.93 ± 3.75

0.94 ± 0.26

137.96 ± 8.94

NA

-

43256.13

-

760.6761

0.0000

VBGF2par

199.59 ± 3.07

1.19 ± 0.23

NA

NA

-

54314.76

-

767.5837

6.9076

Logistic

200.42 ± 3.48

1.06 ± 0.29

NA

-0.75 ± 0.33

-

43271.24

-

760.6865

0.0104

Least-squares
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Fig.19 Growth models for size-at-age data (DW) for female yellow stingrays
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Discussion:
Size composition and sex ratio:
Yellow stingrays occur commonly in tropical to sub-tropical waters such as the
southeastern coast of Florida (Robins et al. 1986; Fahy 2004). The majority of stingrays collected
during this study ranged between 180-220-mm DW (300-399-mm TL) for sexes combined,
consistent with previous reports for the same region (Fahy 2004). The yellow stingray specimens
collected consistently had varying levels of tail damage, assumed to be a result of mating or
aggression between rays (Fahy 2017). If comparing total lengths, the truncated condition of the
caudal fins would have resulted in a shorter TL and an overall smaller maximum size. Females
captured in previous years (2005 and 2007) with a similar DW size of 232-mm and 241-mm had
very different TL of 348-mm and 448-mm, respectively (Fahy 2007). Due to this reason, DW
was used rather than TL for size comparisons. Past literature suggests that yellow stingrays can
reach sizes greater than 350-mm DW and 450-mm TL for sexes combined with most studies
reporting maximum sizes in TL (Robins et al. 1986; Böhlke and Chaplin. 1993; Quinn 1996;
Sulikowski 1996 Hoese and Moore 1998; Humann 2002; Spieler 2013). It has been noted that
some studies on yellow stingrays list sizes greater than 600-mm TL; however, these extreme size
values appear to be more anecdotal rather than measured (for a review see Spieler et al. 2013).
There were no term-stage embryos collected during this study; however, three neonates
were caught in July (2019) and measured at 85-mm DW (151-mm TL), 87-mm DW (153-mm
TL) and 88-mm DW (158-mm TL). Previous studies for Broward County suggest neonates
typically range between 75 and 85-mm DW and between 129 and 175-mm TL at birth
(Sulikowski 1996; Fahy 2004, 2017) which is consistent with the neonates measured during this
study. The empirical size-at-birth was set at 83.0-mm DW and derived from the term embryos
sized in Fahy (2017).
Female rays were observed more frequently nearshore (ridge complex and inner reef)
than males which is consistent with previous collections in the same region (Fahy 2004). The
overall sex ratio was 1:1.16 (M:F) (n = 195) with females observed more frequently for four of
the six size classes (111-140-mm, 141-170-mm, 201-230 mm and 231-260-mm DW), while
males were observed more frequently in the 80-110-mm and 171-200-mm DW size classes
(Table 2). However, there were biases for the archived samples (i.e.,165 of the 195 samples), that
targeted collection of females to focus on the reproductive cycle (Fahy 2007, 2017). When
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looking at the samples collected during 2019, which was not gender-biased, females were still
observed nearshore more frequently than males supporting the use of shallower waters as
pupping grounds for females (Fahy 2017). Males were observed more frequently offshore along
the outer edge of the first and second reef, further supporting the use of shallower waters by
females.

Morphometric Analyses:
The size-weight (DW-TM) relationship also used DW rather than TL to account for the
prevalence of tail damage among samples (van den Broek et al. 2011; Fahy 2017). Factors such
as season, growth phase and sex can also affect the size-weight relationships (Yiğin and Işmen
2014). Previous feeding studies have indicated that yellow stingrays are generalist carnivores
with limited variation in seasonal diets which may contribute to their relatively stable ratio of
mass (TM) to disc width (DW) as size increases (Spieler et al. 2013). The positive relationship
between VR and DW indicated its usefulness for aging as growth of the vertebral centra remained
proportional with somatic growth (Sulikowski 1996; Dale and Holland 2012; Mejía-Falla et al.
2014). Significant differences between male and female growth have similarly been reported for
other myliobatiform rays, with females growing larger to accommodate reproductive condition
and larger brood sizes (Almeida et al. 2000; White 2001; Hazin et al. 2006; Mejía-Falla et al.
2012). Mejía-Falla et al (2012) noted that female Urotrygon rogersi will reach larger sizes and
masses than males but reach sexual maturity at a similar size and age, like the masked stingaree
Trygoptera personata (White et al. 2001) or the yellow stingray in the current study.

Maturity:
Males were considered sexually mature when the combined attributes of enlarged and
lobated testes, fully developed and S-shaped seminal vesicles, and rigid, fully calcified claspers
were present (Fahy 2017). Males achieved sexual maturity at a median-DW (DW50) of 154-mm
(n = 74). The smallest mature male in this study was 150-mm DW (271-mm TL) while the
largest immature male measured at 157-mm DW (309-mm TL). When comparing the
relationship of clasper length and disc width to the binomial regression used to determine size at
maturity, the inflection point of the CL-DW relationship occurred at 155-mm DW, which is a
negligible difference between the two analyses strongly supporting the determined size at
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maturity, although a larger sample size for males with DW sizes between 130 -145-mm DW is
necessary to further support the determined size at maturity. Previous studies have suggested that
male yellow stingrays reach sexual maturity ca. 200-mm TL (Yañez-Arancibia and AmezcuaLinares 1979; Sulikowski 1996). Related species of male Urobatis halleri (Hale and Lowe 2008)
and Urotrygon rogersi (Mejía-Falla et al. 2012) have been recorded as sexually mature at 150
and 118-mm DW, respectively (Table 3). This may indicate fluctuation in size at first maturity
for different populations of male urotrygonids. Age-at-first maturity was calculated using the
same binomial regression used to determine size-at-maturity. It was found that males reach
sexual maturity before the age of 1 at roughly 0.65 years old. Age-at-first maturity was also
estimated as a frequency of maturity within the sample population with all observed males
having reached sexual maturity by the age of 2 (Charvet et al. 2018).
Females were sexually mature with a median size of 148-mm DW, which corresponded
with fully developed ovaries, vitellogenic follicles, enlarged oviducal glands, and an enlarged
tubular uterus (Fahy 2017). The median-DW at maternity was achieved when females were 160mm DW. Previous literature of female yellow stingrays suggest sexual maturity also peaks at ca.
200-mm TL (Yañez-Arancibia and Amezcua-Linares 1979; Sulikowski 1996). Like the males,
other female urotrygonids had a range of similar sizes-at-first maturity with 150-mm, and 118mm DW (Hale and Lowe 2008; Mejía-Falla et al. 2012) (Table 3). Age-at-maturity for females
was estimated at 0.69 years, while age-at-maternity was estimated at 0.89 years old. When
determining age-at-maturity and maternity as a frequency of maturity, all observed females
reached sexual maturity by the age of 4 (Charvet et al. 2018). Females grow slower, larger, and
live longer than males to accommodate for reproduction and larger brood sizes. This method,
which is typical of stingarees (American round rays; family Urotrygonidae and Urolophidae),
may result from a biological adaptation influenced by reproduction rather than environmental
factors (Mejía-Falla et al. 2014).
Despite similar batoid species having a generally larger age-at-first maturity estimate
(Table 3), yellow stingrays reaching sexual maturity before the age of 1 would not be
biologically unrealistic as they are a fast growing, short-lived, tropical species. The only other
batoid species to our knowledge with a recorded age-at-first maturity less than 1 year is
Urotrygon rogersi, a tropical species with a triannual reproductive cycle, a maximum age
estimate of 8 and 11 years old for males and females, respectively, and an age-at-maturity
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estimate of less than one year (Mejía-Falla et al. 2014). Although U.rogersi is described as
having a triannual cycle, it may not produce three broods per year, but rather have an
asynchronous cycle with three peaks per year. This difference in frequency of birth could affect
the differences in maximum ages achieved between the species. Typically, elasmobranchs will
dedicate more energy resources into reproduction rather than growth once maturity is reached.
However, yellow stingrays seem to follow an unusual strategy and allocate energy into both
growth and reproduction concurrently, with growth possibly slowing down a few years after the
onset of maturation, similar to U. rogersi and Rhizoprionodon taylori, a tropical elasmobranch
from Australia (Mejía-Falla et al. 2014; Baje et al. 2018). Benefits to this strategy could
influence recovery potential from the high mortality rates caused by the aquarium trade, habitat
changes, high predation from larger predators, or fishing pressures (Baje et al. 2018).

Age Determinations:
Growth ring analysis proved challenging for more than 25% of samples with most centra
displaying double banding patterns (Fig. 11b), or damage to the intermedialia (Fig. 11c).
Variation in banding patterns along either side of the corpus calcareum and especially within the
intermedialia was attributed to freezer burn from long term frozen storage and from storage in a
70% ethanol solution which may have reduced the band clarity (Smith et al. 2007). Samples
collected in 2019 were processed within days of capture and visualization of the bands were
much easier to see when compared with the archived samples. Although there is no exact time in
which to keep samples in frozen storage, other studies have used dry vacuum storage which may
preserve the band clarity for processing later (Carlson, unpubl data). The use of staining
techniques such as alizarin red or methylene blue used in previous age studies of elasmobranchs
have been known to aid in the visualization of band pairs along the corpus calcareum of batoids.
Despite the benefits of staining techniques, they are generally species specific and time
consuming (Pérez-Rojas et al. 2020). Thus, rather than using staining techniques, Adobe
Photoshop was used to manipulate contrast, brightness/darkness, sharpness, and image size
allowing for better visualization of growth bands that were otherwise difficult to see. Reader 1
had limited experience working with ageing techniques, Reader 2 was experienced with
elasmobranch vertebral reading, and Reader 3 was experienced with otolith ageing of teleosts.
Campana (2001) advises that interpretation of band formation can be a leading cause for error
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within vertebral ageing. The percent agreement between all three readers exceeded 90%
agreement with all readers agreeing within 2 years. Despite the relative precision between
readers, Beamish and Fournier (1981) infer that the degree of precision is dependent on the
number of age-classes of the species collected. Long-lived elasmobranchs with 5 years
precision between readers may be more reliable than 1 year for short-lived elasmobranchs, such
as yellow stingrays, as more age classes may not be represented within the samples. Campana
(2001) suggests multiple approaches to age precision and validation are necessary for accurate
estimates. Using the average percent error (APE) improved the accuracy of percent error for age
estimates and was further corrected with the coefficient of variation (CV) to account for the
standard deviation (Chang 1982; Campana 2001). Literature reviews by Campana (2001) suggest
an acceptable CV and APE are values less than 7.6% and 5.5%, respectively. The current study
returned values of less than 6.4% CV and less than or equal to 4.5% APE, signifying a relatively
high level of precision for age estimates, despite overall percent agreement between readers
being within 2 years.
Specimens aged less than 1 year (YOY) (n = 5) were excluded from analyses as a
complete band pair had not yet been formed (Campana 2001; Goldman and Cailliet 2012; Matta
et al. 2017). Since the number of bands deposited and the time of formation can vary across age
classes (Natanson et al. 2008; Mejía-Falla et al. 2014; Matta et al. 2017), MIA was also
performed using size classes. Evidence of annual band deposition for combined size classes was
inconclusive, whereas individual size classes (120-165-mm, 166-210 mm, and 211-255-mm
DW) revealed that yellow stingrays larger than 211-mm DW had an annual pattern of band
deposition with opaque growth (thicker bands) during January and translucent growth (thinner
bands) during June and August. Age estimates of stingrays from this size class were from 3 to 6
years, indicating inconsistent but rapid band deposition occurring during the first 1 to 2 years,
similar to Sulikowski (1996). Annual band deposition has been validated with MIA for similar
urotrygonid species, indicating its usefulness for fast-growing, short-lived species (Campana
2001) (Table 3).
Previous literature suggests that variations in band deposition over time is possible as
changes along the vertebral column and through ontogeny could affect the deposition rate of
band pairs (Natanson et al. 2018). We see for yellow stingrays, that there is an obvious variation
in band deposition rate within the first few years of life. Considering yellow stingrays reproduce

51

biannually with ovulation coinciding with parturition, energy resources allocated towards growth
versus reproduction may vary greatly, especially at young ages where small sizes may affect
mating behavior and brood size. Typically, with the onset of maturity, the energy allocated
towards growth is reduced and maximum size is reached (Mejía-Falla et al. 2014). For yellow
stingrays, we noticed a different pattern where maturity is reached early and where growth may
only slow down rather than plateau as age increases. When comparing the edge analysis with the
reproductive cycle, we found that March peaks in ovulation during the first cycle coincided with
a higher percentage of translucent band growth indicating more resources may be allocated
toward vitellogenesis/ovulation rather than growth. Conversely during the second cycle, which is
characterized by smaller brood sizes but larger embryos, peaks in ovulation that occurred during
August/September coincided with more opaque bands suggesting resources may be allocated
towards growth rather than vitellogenesis/ovulation. During both cycles, an increase in opaque
growth occurred during April and November, subsequent to the onset of gestation (Fahy 2004;
2017).
Despite the evidence of edge analysis following the biannual reproductive pattern noted
through the literature for yellow stingrays, a biannual pattern in growth band formation was not
statistically evident for the marginal increment analysis. An annual periodicity was determined
for the larger stingrays (> 211-mm DW) with MIA and again through edge type analysis with
peak growth occurring between August and February and slower growth occurring between
March and July (Fig. 16). However, if visually assessing MIA for all size classes combined, a
biannual pattern of growth may be discernible with peaks between February and April and again
in September which coincide with the cease of ovulation in females (Fig. 15). Considering the
samples were separated by both age and size class for marginal increment analysis, but not for
edge analysis, the possibility of the biannual pattern seen in edge analysis is less likely, as the
interpretation of edge type can be greatly affected by the relation of edge type to the date of
collection and the assigned birthdate (Campana 2001; Matta et al. 2017). Factors specific to the
yellow stingray such as differences between summer and winter birth periods, individual size
variation influenced by the total fecundity and maternal size among both parturition periods
could also impact the interpretation of the edge type. The sample size differences between edge
analysis (n = 121) and marginal increment (n = 190) may have also affected the interpretation of
seasonality. However, if the biannual pattern in growth band formation seen with edge analysis
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was present, then maximum estimated ages for yellow stingrays would produce 2 bands per year
rather than one and be only 3 years old rather than 6 years, which may help explain the
extremely young age at maturity and the large growth rate value determined in the growth
models.
With yellow stingrays achieving more than 40% of their asymptotic size by birth and
parturition capable of occurring anytime during the two 6-month reproductive cycles, the
variations in birth date may account for the lack of age validation before the age of 3, the
variations between MIA and edge analysis, and the large growth rate coefficient (k) determined
in the growth models. Seasonality in growth band formation is typically associated with the
seasonal variations in environmental variables such as temperature and the availability of
resources. Tropical elasmobranchs are generally thought to lack seasonality in growth patterns
due to the constancy of the tropical environmental itself, however, sea surface temperatures for
these environments can have significant variations during seasonal rainfall leading to wet and
dry seasons. These wet and dry seasons can ultimately result in highly seasonal environmental
conditions for tropical elasmobranchs (Green et al. 2009). Yellow stingrays seem to have higher
growth during the dry winter months and slower growth in the wet summer months. This
seasonality in growth for females could be due to females having increased fecundity, smaller
embryos and slower growth during the spring/summer months and decreased fecundity, faster
growth, and larger embryo sizes during the fall/winter months. Fahy (2004) and Fahy et al.
(2007) suggest that a larger brood size with smaller sized embryos during the first cycle occurs
with females giving birth during the summer months to coincide with the warmer water
temperatures. Male yellow stingrays display biannual peaks in sperm production that precede the
ovulatory patterns in females and have been observed more frequently in the same areas as
females during times of post-partum/pre-ovulation which allows for the assumption that males
follow similar peaks in their reproductive pattern as females and thus similar peaks in growth
patterns.
Further support for this theory includes the composition of the vertebral bands
themselves. According to Green et al. (2009), calcified opaque bands and protein-rich translucent
bands occur within fish otoliths, a hard part ageing structure used to age teleost fishes. If the
opaque and translucent bands follow a similar composition to that of fish otoliths, then the
protein-rich translucent bands occurring most often during peak times in ovulation could explain
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the thin bands occurring during the spring and summer months when fecundity is highest for
yellow stingrays.

Growth Models:
The use of multiple growth models provides a better approach to estimates of different
parameters that are typically unavailable, such as DW0, and lowers the risk of yielding
biologically unrealistic growth estimates (Katsanevakis and Maravelias 2008; Smart et al. 2016).
Size-at-age data was fit to the five different growth models using both least-squares (LS)
regression and maximum likelihood (ML) techniques. Both LS and ML-models suggest that
females grow slower than males but reach larger maximum sizes as indicated by the k and DW
values, or how quickly (k) the stingrays approach the maximum mean DW (DW) (Ogle 2016).
Males had smaller RSS (LS) and  (ML) values, which indicated a better fit to the models when
compared with females. Selection for the best fit model was also based on the smallest AICc
value and biological rationale. AICc values from both LS and ML techniques suggest that the 2parameter von Bertalanffy model best fit the male data, while the Gompertz model best fits the
female data.
Literature suggests that the sigmoid functions (Gompertz and logistic) may have better
model fits for batoid species as they tend to grow larger in mass rather than length (Goldman and
Cailliet 2004; Smart et al. 2016). This was true for females as the Gompertz model displayed the
best fit with females growing larger in mass to accommodate for embryo development. This
statement was inaccurate for males however, as the AICc suggests that the sigmoid functions did
not have the best fit when compared with the 2-parameter VBGF, which according to the
literature may produce more accurate estimates when small sample sizes or smaller size classes
are underrepresented.
For the male data, both the LS and ML methods across all models were comparable apart
from the 2 parameter VBGF model which had the smallest AICc value for both techniques,
despite having similar values to other models for DW and k. The DW values were relatively
low for all models when compared to the largest recorded size (216-mm DW), however, the
DW is the maximum mean size across samples and individual stingrays can reach a greater DW
(Ogle 2016). Similarly, k values seemed relatively large when compared with related species,
indicating that male yellow stingrays may approach the DW considerably slower than indicated
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by the current models (Ogle 2016). Despite male rays having a larger k value, similar or smaller
DW were found when comparing with related species. Mejía-Falla et al. (2014) studied
Urotrygon rogersi and noted a two-phase growth function with a DW of 155-mm and a k value
of 0.65 year-1, while Hale and Lowe (2008) noted a DW of 286-mm and a k value of 0.09 year-1
for Urobatis halleri. To account for birth peaks during a triannual, aseasonal reproductive pattern
for U. rogersi, Mejía-Falla et al. (2014) adjusted age by averaging the time between birth and
first band formation. These adjustments could account for the drastic differences in k values
between U. rogersi and U. jamaicensis. Hale and Lowe (2008) studied the growth rates for U.
halleri through wild collected samples, and samples held in captivity that were injected with
oxytetracycline, a fluorescent dye used to make band visibility easier. Although U. halleri
displayed annual periodicity with the OTC injections, growth rates could have been affected by
captivity, despite constant habitat conditions. Additionally, systematic biases in age estimates
were present between readers, leading to possible underestimation or overestimation of ages.
Results were similar for both males and females with models comparable for both LS and
ML methods. Across all models the DW values were similar with the VBGF2par model yielding
the lowest DW but largest k value and the highest AICc indicating the worst model fit. The
Gompertz model yielded the best model fit with the lowest AICc and more realistic DW and k
values. However, the DW0 was biologically unrealistic for females when compared to males as it
was much larger than the predicted empirical mean DW-at-birth of 83.0-mm, as well as the
smallest observed DW of neonates (85-mm). The DW values were low when compared with
the largest observed female (241-mm DW), however, the k was more reasonable and similar to
related species, although still larger. Related species of female U. halleri were shown to have a
DW of 224-mm and a k of 0.15 year-1 while U. rogersi yielded 201-mm DW and 0.22 year-1
(Hale and Lowe 2008; Mejía-Falla et al. 2014). White (2001) found the DW was larger for
females than males (241.3 and 202.9-mm, respectively) and reverse for k (0.491 and 0.687 year-1,
respectively) for Urolophus lobatus, which is similar to the values of U. jamaicensis, but is
opposite in the fact that the male U. lobatus approach the asymptotic DW faster than females.
Branstetter (1990) described growth rates as being slow if k was < 1 year-1 or
considerably fast if > 1 year-1, indicating that yellow stingrays would be considered a
comparably fast-growing species with a k value of 1.15 year-1 for sexes combined. Other than the
obvious variations caused by species differences, factors such as habitat type, sample size,
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ageing methodology, validation method, and model fitting can also lead to variation in growth
rates of closely related species (Goldman and Cailliet 2004; Smith et al. 2007; Dancho 2013).
Despite all these influential factors, k can still provide a practical characterization of the
rudimentary factors associated with fecundity, longevity, and size or age at maturity (Stearns
1992; Smith et al. 2007, Dancho 2013).

Conclusion:
The yellow stingray is a small, fast-growing urotrygonid reaching more than 40% of
asymptotic size by birth and attaining an estimated maximum age of 5 and 6 years of age for
males and females, respectively. Although males and females have similar sizes at maturity,
males grow faster and mature at a younger age, whereas females grow slower but achieve larger
maximum sizes. Annual periodicity of band pairs could only be verified with marginal increment
analysis and edge analysis for larger stingrays (211-mm DW or larger; ages 3-6). These patterns
indicated rapid growth through the first few years of life, followed by slower, more consistent
growth as age and size increased. Growth estimates for both males and females yielded large k
values and smaller DW which supports that of a short-lived, fast-growing tropical
elasmobranch. Although listed as a species of least concern by the IUCN and rated as
commercially unimportant, U. jamaicensis and related batoids are necessary for physical,
biological, and chemical processes associated with sediment turnover within nearshore habitats
(O’Shea et al. 2012). The age and growth data collected from this study could be used as a proxy
for related species that not only lack life history information but are of commercial importance,
making yellow stingrays a vital contributor for fisheries management practices.
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